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Abstract 
Human exonuclease 1 (hEXO1) is implicated in DNA mismatch repair, and is 
believed to be a candidate gene in the pathogenesis of hereditary nonpolyposis 
colorectal cancer (HNPCC). Since the proper cellular localization of proteins is 
important for accurate functions, we mapped hEXO1 for PCNA foci localization 
domain. 
In the experimental part, we used the fluorescent fusion proteins of different 
hEXO1 mutants (YFP-hEXO1-C508X, YFP-hEXO1-S598X, YFP-hEXO1-S702X, 
YFP-hEXO1-Q154A;Y157A and YFP-hEXO1-Q285A;F288A) to show the 
subcellular localization under fluorescent microscopy. Cells transfected with both the 
C-terminal deletions (YFP-hEXO1-C508X, YFP-hEXO1-S598X and 
YFP-hEXO1-S702X) and the putative PIP-box mutants (YFP-hEXO1-Q154A;Y157A) 
showed foci formation of mutated hEXO1. What’s more, the foci in the three 
C-terminal deletion mutants were not as regular and beautiful as the wild type hEXO1. 
Based on the result presented in the experiment study, it may be concluded that the 
C-terminal region of hEXO1 has little effect on PCNA foci localization of hEXO1, 
and 154QLAYLNKA161 is not a PCNA foci localization region. 283LYQLVFDP290 
might be a PIP-box because of its cytoplasm localization.  
 
In the bioinformatics part, we did phylogenetic profiling to find the evolutionary 
similarity of PCNA and hEXO1 and found that they had a very strong association. Six 
putative PIP-boxes were predicted using multiple sequence alignment, including 
4QGLLQFIK11, 25QVVAVDTYCWLH36, 154QLAYLNKA161, 283LYQLVFDP290, 
497VVVPGTRSRFF507 and 788QIKLNELW795.  Except 4QGLLQFIK11 and 
497VVVPGTRSRFF507, all the others had a combination structure of small helix and 
short sheets in the secondary structure prediction analysis, which was similar to 310 
helix- a conserved structural motif of PIP-box.  
We intended to find the association of the putative interaction partners, PCNA and 
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hEXO1, in the mRNA level. MicroRNA functions in regulation of mRNA translation 
and degradation, and may influence the protein interaction network by regulating a 
certain protein translation. So we did microRNA database search of putative 
microRNAs for hEXO1, PCNA as well as the MMR proteins. The results showed a 
great overlap among the putative microRNA regulators. PCNA and hEXO1 have 
similar putative microRNA regulators including miR-383, miR-150*, miR-302b, 
miR-499-5p, and miR-548d-3p. Mir-373 and its homologues (mir-371 and mir-372) 
may be a possible regulator of MLH1, MSH3 and EXO1, which may influence the 
whole system of MMR by influencing the transcription of MMR proteins.  
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Preface 
This project is a combination of experimental work and bioinformatics analysis 
with Dr. Sascha Emilie Liberti as supervisor. 
 
  Jing Wang is a molecular biology student and mainly in charge of the experimental 
work, while Xin Xiong is a bioinformatics student and works mainly on 
bioinformatics part.  
  The introduction was a group work of us, while the experiment part and 
bioinformatics part were written separately. But we together made all the conclusion 
and discussion in these two parts. The abbreviation and abstract were made together.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Jing Wang & Xin Xiong 
January 2008 
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Abbreviations 
ATP Adenosine triphosphate PCR Polymerase chain reaction 
DNA Deoxyribonucleic acid PIP-box PCNA interaction protein 
box 
EXO1 Exonuclease 1 Pol Polymerase  
FEN1 Flap endonuclease 1 RNA Ribonucleic acid 
GST Glutathione S-tansferase RPA  Replication protein A 
HEX1 Human Exonuclease 1 
coding sequence 
RFC Replication factor C 
hEXO1 Human exonuclease1 SDS Sodium dodecyl sulphate 
hEXO1b Human exonuclease1 (long 
spice variant) 
Ssb Single strand binding protein
hMSH Human Muts homologue SUMO small ubiquitin-like modifier 
hMutSα hMSH2-hMSH6 WRN Helicase involved in WS 
hMutSβ hMSH2-hMSH3 WS Werner Syndrome 
hMutLα hMLH1-hPMS2 XPG Xeroderma pigmentosum 
group  
hMutLβ hMLH1-hPMS1 YFP Yellow fluorescence protein 
HNPCC Hereditary non-polypsis 
colorectal cancer 
  
hPMS Human post-meiotic 
homologue 
  
IVTT In vitro transcription 
translation 
  
LIG1 Ligase 1   
MiRNA microRNA   
MMR Mismatch repair   
mRNA Messenger RNA   
MLH MutL homogue   
MSH MutS homogue   
NER Nuclear exicision repair   
NLS Nuclear localization signal   
NORS Regions laking regular 
structure 
  
PAGE Polyacrylamide gel 
electrophoresis  
  
PCNA  Proliferation cell nuclear 
antigene 
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1 Introduction 
Human exonuclease 1 functions in many cellular processes, including DNA repair, 
recombination and replication (Lee et al. 2002/ Nielsen et al. 2004/ Liberti and 
Rasmussen, 2004). In order to be involved in these DNA metabolisms, hEXO1 is 
transported to nucleus. Two patterns of localization of hEXO1 in the nucleus are seen, 
one is diffuse staining of the nucleus and one is the co-localization with PCNA 
replication foci (Knudsen et al. 2007). Due to its multiple involvements in these 
important cellular processes, hEXO1 mutations are relevant to several cancers 
(Wilson III et al. 1998/ Jager et al. 2001/ Jagmohan-Changur et al. 2003). So the 
mapping of the region needed for foci localization could contribute to pathogenicity 
prediction of identified hEXO1 mutants and to the understanding of the MMR 
complex. 
1.1 Background Knowledge 
1.1.1 PCNA 
PCNA structure 
Proliferating cell nuclear antigene (PCNA) belongs to the DNA sliding clamp 
family. E.coli DNA polymerase (pol) III β-subunit and the phage T4 gene45 protein 
(Maga and Hübscher 2003/Zvi Kelman 1997) are the other two family members. 
These proteins show similar shapes (fig1.1), which is a ring like structure with a 
central hole large enough to hold a DNA double helix (Trakselis and Benkovic, 2001/ 
Maga and Hübscher 2003). 
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Figure 1.1 X-Ray Structures of (A) human PCNA, E.coli (B) DNA polymerase III β-subunit and 
(C) phage T4 gene45 protein (Trakselis and Benkovic , 2001)  
Human PCNA is a very stable homotrimer (Zvi Kelman 1997), which is comprised 
of three monomers (with a molar mass of 29kDa) joined in a head-to-tail way. Each 
monomer contains two similar domains, so PCNA has six repeating domains and 
exhibits six-fold symmetry. The positive charged inner surface of this ring structure 
has a layer of α-helix rich in basic residues, while β-sheets compose the negative 
charged outer side (Maga and Hübscher 2003/Zvi Kelman 1997). However, PCNA is 
an acidic protein with low pI (Kelman, 1995), and the asymmetric distributed charge 
is also useful for interaction with negatively charged DNA.  
PCNA function  
PCNA plays important roles in many nucleic acid metabolisms, such as DNA 
replication, DNA repair, chromatin assembly and even RNA transcription.  
There are higher levels of PCNA mRNA and protein in S-phase cells than in 
quiescent and senescent cells. Studies have shown that PCNA localizes to the nucleus 
during S- phase of the cell cycle or in UV-irradiated non-S-phase cells, which also 
indicates its function in DNA synthesis during repair (Zvi Kelman, 1997). DNA 
synthesis is needed in both DNA replication and DNA repair, and the role of PCNA in 
DNA replication is best described. During replication it acts as a processivity factor of 
DNA polymerases, and interacts with the protein complex of replication including 
replication factor C (RFC), FEN11 , and Lig12 etc. (Maga and Hübscher et al. 2003/ 
Moldovan et al. 2007).  
It is said that PCNA is a dancer with many partners. Its multiple roles in many 
                                                        
 1. FEN1: a 5’-3’ flap exo-/endonuclease mainly function in Okazaki fragment maturation by removing the RNA-DNA primers. 
2. Lig1=ligase 1, PCNA load Lig1 to replication factories by the interaction with it. 
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DNA processes are mainly through interactions with other proteins. The interaction of 
PCNA with various proteins results in stimulating of different cellular responses. For 
example, interaction between PCNA with p21 upon DNA damage inhibits DNA 
synthesis by blocking the binding sites for other replication proteins (Zvi Kelman, 
1997/ Gulbis et al. 1996). And the interaction of FEN1 with PCNA is also able to 
stimulate endonuclease activity of FEN1 (Gomes and Burgers, 2000). PCNA also 
interacts with many mismatch repair proteins, such as hMSH2, hMLH1. It may 
function in the recognition of mismatch repair (MMR), in the later step by loading 
mismatch repair (MMR) machinery to DNA 
and in DNA re-synthesis (Dzantiev et al. 
2004/ Masih et al. 2007). 
PCNA binding  
PCNA contributes to different biological 
processes and has various and alternative 
interaction partners. How can it coordinate 
between them? This question has three 
explanations. 
? Structure  
As is shown in figure 1.1, PCNA is a homo-trimer with six-fold symmetry. So each 
monomer should have equal opportunity to bind proteins. In other words, if a protein 
binds to PCNA at one monomer, the other two monomers could also bind this protein 
since all the monomers are totally the same. That means a PCNA-binding protein 
should have three binding sites theoretically. And many PCNA partners share 
overlapping binding sites (Maga and Hübscher et al. 2003).  
Furthermore, different proteins bind to PCNA at different sites. Figure 1.2 shows 
the three main binding sites, the inter domain connection loop for Polδ, p211, Fen1 
etc.(red); the inner side α-helix at the N-terminus for Cyclin D (purple) and the 
                                                        
 1. p21: this protein mediates the p53-dependent cell cycle G1 phase arrest in response to a variety of stress stimuli and plays a 
regulatory role in S phase DNA replication and DNA damage repair by interaction with PCNA. 
 11
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C-terminal tail for Polε, RFC etc. (blue). 
? Simple interaction motif 
Two PCNA-binding motifs have been identified: PIP-box and KA box. The 
PIP-box is the most common one, which has a consensus sequence 
Q-xx-(h)-xx-(a)-(a), where “h” represents residues with moderately hydrophobic side 
chains (L, I, V or M), “a” represents residues with highly hydrophobic aromatic side 
chains (F, Y, W or H) and “x” stands for any residue (Warbrick, 1998/ Maga and 
Hübscher et al. 2003/ Moldovan et al. 2007). KA-box was reported by Heng Xu 
group in 2001, which starts by K and A residues and followed by a few hydrophobic 
amino acid residues (Heng Xu et al. 2001/ Moldovan et al. 2007). Later these two 
kinds of motifs are always combined to be x/K-x/A-x-Q-x-x-(h)-x-x-(a)-(a).  
Of course, proteins interact with PCNA not only through PIP-box or KA-box; the 
residues that lie outside the minimal motif also play a role in regulating the 
protein-protein interactions. For example, highly basic region in the N-terminus of 
p21 are involved in PCNA-interaction, and is believed to give p21 higher priority in 
the competition with other PCNA-binding proteins (Bruning and Shamoo, 2004).  
? Different regulation mechanism (Moldovan et al. 2007) 
There is still long way to go before all the regulation mechanisms in PCNA-binding 
have been made clear. Figure 1.3 is a good summary of most of the research in this 
area. It falls into two parts: cofactor exchange and PCNA exchange. 
Cofactor represents the PCNA-binding proteins, whose lower affinity or 
phosphorylation could drive their displacement. Also this displacement could be 
triggered by PCNA monoubiquitylation1 or SUMOylation2, which influence their 
PCNA-binding properties. And the protein could be degraded by PCNA-induced 
polyubiquitylation so that new proteins can bind. 
Besides the cofactor exchange, PCNA could also be exchanged by unloading or 
degradation. This obviously destroys the old association and allows fresh engagement 
of newly loaded PCNA and new binding partners.  
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It is extremely hard to find any protein known to date  that has the capacity to 
associate with so many different protein partners as PCNA. PCNA dances with them 
perfectly because of many regulation mechanisms and its structure elements. This 
feature of PCNA is consistent with its multiple participations in so many biological 
processes.  
 
Figure 1.3 Regulation of the PCNA interaction with 
multiple protein partners  
(Upper panel) Cofactor exchange can be triggered by 
affinity-driven displacement (e.g., by p21), by cofactor 
phosphorylation (P; e.g., FEN1), by PCNA 
monoubiquitylation or by SUMOmodification. 
SUMOylation can lead to either recruitment or inhibition 
of cofactor binding. Cofactor polyubiquitylation promotes 
its proteasomal degradation. New binding partners 
(green) can then bind to unmodified or modified PCNA. 
(Lower panel) PCNA exchange can proceed either by 
unloading mediated by RFC or RFCrelated enzymes, or 
by PCNA polyubiquitylation and proteasomal 
degradation, e.g., after phosphorylated (P) PCNA 
becomes dephosphorylated. Newly bound PCNA 
molecules can engage in interactions with new cofactors 
(green). 
1.1.2 Replication Foci 
Replication foci refer to discrete visible complexes in the cell nucleus of 
proliferating cells. PCNA and hEXO1 co-localize in the cell nucleus in discrete foci 
during S-phase of the cell cycle (figure 1.4), believed to be replication foci (Knudsen 
et al. 2007). It can therefore be speculated that hEXO1 and PCNA interacts directly of 
indirectly.  
                                                        
 1. Monoubiquitylation is a regulatory signal, like phosphorylation, that can alter the activity, location or structure of a protein. 
Ubiquitination (or Ubiquitylation) refers to the post-translational modification of a protein by the covalent attachment (via an 
isopeptide bond) of one or more ubiquitin monomers. The most prominent function of Ubiquitin is labeling proteins for 
proteasomal degradation. Besides, ubiquitination controls the stability, function, and intracellular localization of proteins. 
2. SUMOylation: SUMO=small ubiquitin-like modifier. Sumoylation is a kind of post-translational protein modification 
 13
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Replication foci are highly dynamic and mobile: in early S-phase, when PCNA 
starts to form the replication foci, they are small and numerous. But in cells 
approaching G2 phase, the number of foci decreases and the size is larger. Even in 
S-phase, replication foci are not the same: small dots are characteristic for early S 
phase, staining at the periphery of the nucleus marks the mid-S phase, and big blobs 
mark the late S phase (Figure 1.5/ Meister et al. 2007/ Essers et al. 2005). 
 Figure 1.5 Replication foci dynamics (Essers et al. 2005) (PCNA was stained 
with different colors in order to trace their mobility) 
Figure 1.4 (A) NIH-3T3 cells co-transfected with YFP-hEXO1 and CFP-PCNA. (I) Transfected cell 
in S-phase, 1: CFP-PCNA; 2: YFP-hEXO1; 3: Normaski image; 4: Overlay of CFP-PCNA and 
YFP-hEXO1. (II) Transfected cell not in S-phase, 5: CFP-PCNA; 6: YFP-HEX1; 7: Normaski 
image; 8: Overlay of CFP-PCNA and YFP-HEX1. 
1.1.3 hEXO1 
hEXO1 belongs to RAD2 family of nuclease that is conserved from phage to 
humans (Lee and Wilson III. 1999). Depending on the difference in sequence 
comparisons and biological functions, RAD2 nuclease family in human could be 
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divided into three subfamilies: human XPG (xeroderma pigmentosum group G), 
FEN1 and hEXO1. In other organisms, homologues of the three nucleases exist 
(Rasmussen, doctor thesis, 2001/ Lee and Wilson III. 1999/ Wilson III et al. 1998). 
The strong sequence conservation among them lies in the N-terminal region (N) and 
internal region (I) that contain the exo- and endonuclease activities (figure 1.6A). 
Both XPG and FEN-1 interact with PCNA through PIP box domains, although they 
are not completely the same (figure 1.6 B/ Gary et al. 1997). So we deduced that 
hEXO1 might have a similar PIP-box region that localized somewhere in the long 
C-terminal tail. Also it has been reported that the C-terminal region of hEXO1 is 
enough for the PCNA replication foci localization (Nielsen et al. 2004). 
 
 
 T
Figure 1.6 (A) Comparison of the RAD2 protein family. NLS stands for the nuclear localization signal. 
he green question mark on hEXO1 protein means whether it has a similar PIP-box for interaction as 
XPG and FEN-1 (B) Comparison of the PIP-box regions of XPG and FEN-1 
The biological function of hEXO1 
  hEXO1 exhibits an Mg2+-dependent 5` to 3` exonuclease activity on single- and 
double-stranded DNA as well as flap structure-specific endonuclease activity (Lee et 
al. 1999/ Sharma et al. 2003/ Wilson III et al.1998 ). In addition, it has been shown in 
vitro that hEXO1 functions in 3` to 5` excision with the help of RFC and PCNA 
(Dzantiev et al. 2004). hEXO1 has also been shown to display a RNase H activity 
(Qiu J et al.1999). These enzyme activities suggest its roles in DNA replication, DNA 
repair, and recombination as the other nucleases.  
  The structure specific endonuclease activity and RNase H activity, which is similar 
to FEN-1, indicate its involvement in DNA replication. And the strong interaction of 
 15
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hEXO1 with hMSH2 and hMLH1 suggests its role in DNA mismatch repair 
(Schmutte et al. 2001/ Schmutte et al. 1998). The finding that Werner syndrome 
protein (WRN) interacts with hEXO1 and stimulates its endonuclease and 
exonuclease activity may as well prove its roles in DNA replication, repair or 
recombination as WRN (Sharma et al. 2003). 
The interaction of hEXO1 with other proteins  
  hEXO1 is the only exonuclease identified in human mismatch repair and functions 
as a nuclease and stabilizer of the MMR machinery. Much research has been focused 
on its role in MMR and its interaction with MMR proteins, such as hMLH1, hMSH2 
and hMSH3.  
  The C-terminal region of hEXO1 is responsible for binding with hMLH1 and 
hMSH2, while hMSH3 interacts in the N-terminal region. EXO1 is not always active 
in DNA degradation. It seems to be trapped by some other protein caps until rescued 
by hMutSα (complex of hMSH2 and hMSH6) when mismatches appear. It is also 
reported that 5` to 3` exonuclease activity of hEXO1 was enhanced with the presence 
of hMutLα (hMLH1-hPMS2)1 (Genschel et al. 2002/Liberti and Rasmussen, 
2004/Nielsen et al. 2004). So the interaction ensures that exonuclease degradation of 
DNA by hEXO1 is only activated after MMR is initiated.  
 
hMSH3 (129-390) hMLH1 (390-490 and 787-846) 
hMSH2 (603-846)Exonuclease domains 
N I hMSH3 hMSH2 
hMLH1hMLH1
NLS sequence (418-421)
 Figure 1.7 protein interactions with hEXO1 
PIP-box regions in hEXO1 
As was described, PIP-box is a very important interaction motif that exists in most 
of the proteins that interact with PCNA, such as FEN1, XPG etc. As a speculated 
 16
                                                        
  1. MutSα functions in mismatch recognition, the function of MutLα is not clear in eukaryotes.  
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PCNA interaction partner, hEXO1 might have a similar PIP-box. From multiple 
sequence alignment, totally six putative PIP-box regions were found (figure 2.2): 
4QGLLQFIK11, 25QVVAVDTYCWLH36, 154QLAYLNKA161, 283LYQLVFDP290, 
497VVVPGTRSRFF507 and 788QIKLNELW795. All these putative PIP-boxes are highly 
conserved among many organisms from primates, rodents to insects. The 
yellow-highlighted amino acids in the putative PIP-boxes represent the parts that are 
the same as those in the PIP-box (Q-x-x-(h)-x-x-(a)-(a), h=L, I, V or M, a=F, Y, W or 
H, x=any amino acid).  
 
 
 Figure 1.8 Predicted PIP-box-like region on hEXO1 (Exonuclease 1 sequence: the N-terminal, 
Internal region necessary for exonuclease activity as well as the interaction domain with hMSH2, 
hMLH1, hMSH3) 
 
1.1.4 Mismatch Repair 
Mismatched base pairs arise from DNA polymerase incorporation of errors during 
DNA replication, chemical damage to DNA and DNA precursors or forming 
heteroduplex DNA intermediates during genetic recombination (Richard Kolodner, 
1996/ Fishel and Kolodner 1995/Genschel and Modrich, 2006). Mismatches produced 
in these ways are recognized and corrected by mismatch repair (MMR), which are 
different from nucleotide excision repair (NER) and base excision repair (BER) by the 
lesion that targets the repair machinery. MMR recognizes insertion/deletion loops 
(IDL) or nucleotides paired with a non-complementary nucleotide, while nucleotides 
that have been chemically modified or fused to an adjacent nucleotide are rectified by 
NER and BER (Fishel and Kolodner 1995). 
The MMR system is very useful for genomic integrity, and lowers the mutation 
 17
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frequency up to 100- to 1000- fold (Liberti and Rasmussen, 2004/ Genschel and 
Modrich, 2006). Mutations in the MMR machinery are relevant to many kinds of 
cancer, such as hereditary nonpolyposis colon cancer (HNPCC), as well as a subset of 
sporadic tumors (Arczewska and Kusmierek, 2007/ Jager et al. 2001).  
MMR involves four steps: mismatch recognition, mismatch provoked excision, 
repair DNA synthesis, and ligation.  
Figure 1.9 Simplified view of E.coli 
MMR pathway ----MutHLS 
Mismatched pair (red) is recognized 
and interacts with MutS. MutL binding 
is thought to stabilize the MutS-DNA 
complex and active MutH to recognize 
and nich the unmethylated DNA at 
hemimethylated GATC sites. DNA 
Nicking is followed by the exicision 
step that requires helicase Uvrd to 
displace the nascent DNA strand and 
one of the exonucleases (Exo1, ExoX 
or RecJ) to digest the DNA leaving a 
gap. Then DNA re-synthesis using 
PolIII holoenzyme complex follows.  
MMR in Escherichia coli 
The best understood MMR pathway is the MutHLS pathway in E. coli (Figure 1.9). 
MutS recognizes the mismatched base and binds to it. MutL interacts with MutS in an 
ATP-dependent manner and helps to activate MutH, which is an endonuclease nicking 
the hemimethylated DNA on the unmethylated strand when activated by MutS and 
MutL in the presence of mismatch bases (Richard Kolodner, 1996). UvrD helicase is 
then loaded with the help of MutL and unwinds DNA from the nick to and past the 
 18
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mismatch. Exonucleases remove the error-containing DNA strand and DNA pol III 
holoenzyme fills the gap. Then DNA ligase closes the nick (Richard Kolodner, 1996/ 
Fishel and Kolodner 1995/ Arczewska and Kusmierek, 2007). 
MMR in eukaryotes 
In eukaryotes, several homologs of MutS and MutL have been identified, but the 
MutH endonuclease is restricted only to Gram-negative bacteria. So the signals that 
direct MMR machinery to the newly synthesized strand remains to be elucidated. 
Many researchers think that PCNA is implicated in this early step of recognition as it 
has been proved to interact with MSH and MLH homologues (Arczewska and 
Kusmierek, 2007). 
  Mismatches are recognized by MSH2-MSH6 (MutSα) and MSH2-MSH3 (MutSβ) 
heterodimers, while in human cells the MutSα complex plays a dominant role with a 
rato 6:1 to MutSβ (Anne Karin Rasmussen, doctor thesis, 2001/ Arczewska and 
Kusmierek, 2007). MutLα (MLH1-PMS2 heterodimer, in yeast MLH1-PMS1 
heterodimer) is then loaded by MutSα (or MutSβ). Although the detailed mechanism 
for later steps remains unclear, both MutSα/β and MutLα protein complexes interact 
with PCNA and EXO1, and PCNA is the sliding clamp for DNA polymerase that will 
fill the gap. So MutSα/β and MutLα may help loading PCNA to the mismatches for 
DNA resynthesis and EXO1 for mismatch excision. One more protein that functions 
before the excision step is the high mobility group box 1 (HMGB1). Figure 1.10 is a 
simple illustration of MMR in eukaryotes (Arczewska and Kusmierek, 2007). 
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Figure 1.10 models for MMR in eukaryotes (Arczewska and Kusmierek, 2007/ Kadyrov et al. 2006) 
 
 
 
 
 
 
MutSα and MutLα complex comes to contact with DNA at time of mismatches. Then MutSα, PCNA 
and RFC activate latent MutLα endonuclease that cleaves DNA at both sites of the mismatch in 
ATP-dependent manner. The strand breaks at 5’ or 3’ of DNA may be made by MutLα or preexist in 
DNA.  Then EXO1 is loaded to hydrolyze DNA. RPA here binds to ssDNA and may play some role 
in DNA unwinding. When Exo1 reaches the mismatch, it is inhibited by MutS and MutL. Besides 
protection and stabilization of the single strand, RPA also reduces EXO1 processivity. RFC loaded 
PCNA and suppresses the 5’-3’ activity of EXO1 when the single strand break is located at the 3’ 
side of the mismatch. Finally, gap is filled by Polδ, in the presence of PCNA and RPA, and ends are 
joined by LigI. 
1.1.5 MicroRNA 
MicroRNAs are short 20-25 nucleotide endogenous RNA molecules that function 
as negative regulators of gene expression in eukaryotic organisms (Bartel, 2004). The 
RNA mediated gene silencing pathways have essential roles in cell differentiation, 
development, proliferation, and cell death. Most miRNA genes are located far from 
protein coding genes (Bartel, 2004). They might have their own promoter, and are 
transcribed independently. Some miRNA genes, including 1/4 of human miRNA 
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genes, are located in introns (Lim et al, 2003b). Two major processing events lead to 
the production of mature miRNA (Figure 1.11). Primary miRNA (pri-miRNA) are 
processed by RNAse III enzyme, Drosha, and then transported out of the nucleus (Lee 
et al, 2003). Once in the cytoplasm where the mature miRNAs are produced, they are 
processed by another RNAse III enzyme, Dicer (Hutvagner et al, 2001). Then these 
mature miRNAs can be unwound and a single strand can enter the RISC complex, 
where they can repress the translation of their mRNA targets or induce mRNA 
degradation, mediating RNA interference (Khvorova et al. 2003, Schwarz et al. 
2003). 
 
Figure 1.11 MicroRNA biogenesis pathways (Cuellar T.l., et al., 2005) 
First,the RNase III Drosha generates ～70 nucleotides pre-miRNA in the nucleus. Then the 
pre-miRNA is transported into cytoplasm by Exportin 5, which is a Ran-GTP dependent 
nucleo/cytoplasmic cargo transporter.After that, the maturation of miRNA is processed by another 
RNase III enzyme Dicer. One single strand of mature miRNA is then selectively incorporated into 
the RISC complex, where they can act by repressing the translation of their mRNA targets or by 
inducing their degradation, mediating RNA interference. 
One of the most remarkable findings on miRNAs was that miRNAs play important 
roles in cancer pathogenesis. About half of the miRNA genes are located in 
cancer-associated genomic regions such as introns of genes aberrantly expressed in 
cancer cells (Calin et al. 2004). In many cancerous pathways, miRNAs may act as 
either oncogenes or tumor suppressors (Figure 1.12). In lung cancer, let-7 may act as a 
 21
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tumor suppressor by negatively regulating the expression of the oncogenes RAS, and 
leading to apoptosis (Johnson et al. 2005). It was demonstrated that in leukemic cells, 
BCL2 repression by miR-15a and miR-16-1 induced apoptosis (Cimmino et al, 2005). 
On the other hand, some miRNAs may act as oncogenes, such as miR-21, which 
might be an anti-apoptosis factor by down regulating the tumor suppressor PTEN in 
cholangiocarcinoma cells (Meng et al. 2006). Members of miR-17-92 cluster may 
function as oncogenes by cooperating with MYC and blocking apoptosis (He et al. 
2005). However, they also have the tumor suppressor activities by repressing the 
expression of E2F1, and so inhibit MYC-mediated cellular proliferation (O’Donnel et 
al, 2005). In different cell types, the same miRNA may have different targets and the 
same gene may also be regulated by different miRNAs.  
 
Figure 1.12 Possible “oncogenic” and “tumor suppressing” miRNAs (Kusenda et al, 2006) 
miRNAs may play a role as a novel class of oncogenes or tumor suppressor gene. As a possible 
tumor suppressor gene, let-7 inhibits the expression of RAS, inducing apoptosis. miR-15a and 
miR-16 repress BCL2 expression, which also leads to apoptosis. On the other hand, miR-155, 
miR-21, and miR-17-92 cluster can regulate important genes in cancerous pathways, and lead to 
anti-apoptosis.miR-17-92 may be considered as tumor suppresser as well because of that E2F1 
expression can be repressed by miR-17-92, leading to proliferation. 
1.2 Protein-Protein Interaction 
Proteins rarely function in isolation, instead they associate with their particular 
partners for the biological process that they are responsible for. They associate with 
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each other mostly through non-covalent forces, such as electrostatic forces, hydrogen 
bonds, van der waals forces and hydrophobic effects, while hydrophobic effect is the 
driving force1 both for protein folding and protein protein interaction. 
There are a multitude of methods to detect protein interactions, such as 
co-immunoprecipitation, fluorescence resonance energy transfer, yeast two-hybrid 
screen, pull-down assays, and so on. Each of the approaches has its own strengths and 
weaknesses. There are also a few protein-protein interaction databases and interaction 
network software that can be used for bioinformatics analysis (Table 1.1). But the data 
on these web servers is only a summary of the research that has been done before. It is 
not a prediction of unknown protein-protein interactions. Anyway they are good for 
searching known protein interactions.  
Protein-Protein interaction database 
HPRD  http://hprd.org/  
IntAct  http://www.ebi.ac.uk/intact/site/index.jsf  
DIP http://dip.doe-mbi.ucla.edu/  
MINT  http://mint.bio.uniroma2.it/mint/Welcome.do  
MIPS  http://mips.gsf.de/proj/ppi/  
BIND http://bond.unleashedinformatics.com/  
PIMRider http://pim.hybrigenics.com/pimriderext/common/index.jsp  
STRING http://string.embl.de//  
PP http://www.biochem.ucl.ac.uk/bsm/PP/server/  
PPID http://www.anc.ed.ac.uk/mscs/PPID/  
JCB http://www.imb-jena.de/jcb/ppi/  
Osprey http://www.pubmedcentral.nih.gov/articlerender.fcgi?tool=pubmed&pubmedid=12620107  
VisANT http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=368431  
NAViGaTOR http://ophid.utoronto.ca/navigator/  
APID http://bioinfow.dep.usal.es/apid/index.htm
Table 1.1 Database and Software for protein-protein interactions 
                                                        
  1. http://www.chemsoc.org/ExemplarChem/entries/2004/warwick_robinson/protein.htm
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1.3 Aim of the project 
1.3.1 Experimental 
As is described, two patterns of hEXO1 localization in the nucleus have been 
reported, one is diffuse nuclear staining and one is foci formation. The formation of 
foci is believed to be mediated through interactions between hEXO1 and PCNA, since 
hEXO1 foci and PCNA foci co-localize in the nucleus (Nielsen et al. 2004). The aim 
of this project is to map the region on hEXO1 responsible for the foci formation. This 
region could in addition be speculated to be the region responsible for PCNA 
interaction. 
Various YFP-hEXO1 mutants will be constructed with site directed mutagenesis, 
including the C-terminal deletions and mutation in putative PIP-boxes. The 
C-terminal of hEXO1 has been reported to be enough for PCNA foci localization 
(Nielsen et al. 2004). Two different cell types are used for transfection, and expression 
of mutant fusion proteins are visualized with fluorescent microscopy and verified by 
western blotting. 
1.3.2 Bioinformatics  
For the bioinformatics part, we plan to use the normal way of analyze the protein 
interaction. Firstly, phylogenetic profiling is used to analyze the evolution of both 
PCNA and hEXO1. If the two proteins display strong association, they should have 
similar evolutional pathways (shown in similar phylogentic trees).  
Secondly, structure patterns will be analyzed. We will do sequence alignment to 
find PIP-box-like sequence in hEXO1 and the common structure pattern of PIP-box. 
Then, secondary structure of hEXO1 will be predicted by web servers (Jpred-TNG, 
PredictProtein).  
At last, if proteins interact with each other, there maybe some connection between 
their mRNA or protein translation, and microRNA has been a hot field and been 
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shown to have some connection with protein interaction network (Liang et al. 2007). 
So we will analyze hEXO1, PCNA and its MMR group members against the 
microRNA database1.  
 
  1. http://microrna.sanger.ac.uk/sequences/index.shtml  
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2 Experimental Part 
2.1 Materials and Methods 
Plasmids  
  Plasmid pEYFP-C1-hEXO1 was used as a template to construct all the hEXO1 
mutants. In this plasmid, hEXO1b was cloned into 5' SalI and 3'-BamHI in the MCS 
of pEYPF-C1 (BD cat# 6005-1) vector. This job was done by Lene Juel Rasmussen’s. 
 
Figure 2.1 vector pEYFP-C1, hEXO1b was cloned into 5' SalI and 3'-BamHI in the MCS 
Cloning of YFP-hEXO1 mutants 
Mutations in hEXO1b were introduced using QuickChange site-directed 
mutagenesis according to the manufacturer’s guidelines (Table 2.1) (Stratagene, La 
Jolla, CA, cat# 600384). Oligonucleotide primers used for site directed mutagenesis 
were purchased from Invitrogen. 
Component Amount per reaction 
10× PfuUltra® HF reaction buffer 5.0μl 
dNTPs (25 mM each dNTP) 0.4μl 
DNA template 100ng 
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Primer #1 100ng 
Primer #2 100ng 
Distilled water Add to 49μl 
PfuUltra® HF DNA polymerase 1μl 
Total reaction volume 50μl 
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Table 2.1 Reaction mixture for mutagenesis PCR The cycling parameter is 95°C for 2 min/ (95°C for 
30 ec+primer Tm-5°C for 30sec+72°C for x min)*30/72°C for 10 min.  
 
s
The PCR reaction mixture was then digested by 1μl DpnI (Fermentas #ER1701) to 
break the methylated template. Transformation of the plasmids pEYFP-C1-hEXO1 
with mutations were then done using fresh made competent E. coli Top 10 cells 
(Top10 strain 
(F-mcrAΔ(mrr-nsdRMA-mcrBC)Φ80lacZΔM15ΔlacX74recA1deoRaraD139Δ(ara-l
eu)7697galUgalKrpsL(StrR)endA1nupG)) (Invitrogen). The competent cells were 
prepared with 10mM MgSO4 and 50mM CaCl2. Positive clones were selected on 
50μg/ul kanamycin containing LB-plates.  
Plasmid preparation was made with fresh overnight culture from the restriked 
clones (NucleoSpin Plasmid Cat# 740588250 MACHEREY-NAGEL).  
The DNA sequences of the mutated region of hEXO1b in the resulting constructs 
were verified by DNA sequencing (Big Dye Terminator V1.1 cycle sequencing Kit 
Lot# 0603106, Part # 4336774). In order to verify that the YFP-hEXO1 mutant 
proteins were properly processed and not degraded, we measured the expression of 
the fused protein by western blot analysis. 
The detailed procedures for sequencing as well as the primers used will be in the 
Appendix. Figure 2.2 shows the mutations we have made. The truncated hEXO1 
region were made by introducing stop codon to 508C, 598S, 702S. Then, we chose 
two putative PIP-box for analysis: 154QLAYLNKA161and 283LYQLVFDP290. The other 
ones are either involved in the C-terminal deletion experiment or involved in the 
nuclease domain. The one “497VVVPGTRSRFF507” is especially interesting, which 
have a much conserved “FF” tail and a very hydrophobic head with “VVV”. As it is 
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just near the C-terminal deletion “hEXO1-C508X”, we left it for later test.  
 
Figure 2.2 Exonuclease 1 sequence (the N-terminal, Internal region necessary for exonuclease 
activity as well as the interaction domain with hMSH2, hMLH1, hMSH3). The three mutations, 
YFP-hEXO1-S702X, YFP-hEXO1-S598X, YFP-hEXO1-C508X, were made by introducing stop 
coden to HEX1 gene cut the C-terminal region separately at 508aa, 598aa and 702aa. The other 
two mutations were in two PIP-box-like regions:  YFP-hEXO1-Q154A; Y157A, 
YFP-hEXO1-Q285A; F288A. 
 
 
 
 
Cell lines and Cell cultures 
Murine NIH-3T3 fibroblast cells and human 293T-Tet-Off-hMLH1 cells were 
maintained as monolayer cultures in proper cell cultures.  
For NIH 3T3 cells, 1X DMEM+GlutaMAXTM-1 (GIBCO 31966 -021) + 10% fetal 
bovine serum (FBS) (BioCHROM AG) + 5% penicillin (50U/ml) and streptomycin 
(50 μg/ml) (GIBCO). 
For 293T-Tet-Off-hMLH1 cells, we used DMEM+ GlutaMAXTM-1 + 10% Tet 
systems approved FBS+ 300μg/ml Hygromycin B+100μg/ml Zeocin+5% penicillin 
(50U/ml) and streptomycin (50 μg/ml) (GIBCO). 
All cell lines were grown at 37°C in a humidified atmosphere containing 5% CO2. 
Growth media was changed every second day for NIH-3T3 cells, but the human 
293T-Tet-Off-hMLH1 cells were much more sensitive to the outside, so we changed 
the media for them about every third day. Cells were passaged when approximately 
80% confluent: wash cells twice with 1x GIBCO 14190 DPBS (Invitrogen) and 
incubate with 1.5ml trypsin (just for T75 cultivation flasks) for 2min at room 
temperature.  
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Cell Transfection 
Transient transfections of cells with YFP-hEXO1 and YFP-hEXO1 mutants were 
performed with Lipofectamine TM2000 (Invitrogen, cat# 11668-019) according to the 
protocols.  
? Seed 1*105 cells/cm2 on proper plates in DMEM supplemented with 10% proper 
serum (Tet systems approved FBS for 293T-Tet-Off-hMLH1 cells), incubate cells 
at 37°C, 5% CO2 until 90% confluent. Usually NIH-3T3 cells need 24h and 
293T-Tet-Off-hMLH1 cells 48h. 
? Cells were transfected with 1.75μg/ml (0.5μg/ml for 293T-Tet-Off-hMLH1 cells) 
of the relevant plasmid and 5μl/ml Lipofectamine (2.5μl/ml for 
293T-Tet-Off-hMLH1 cells).  
? The cells were then left for 24h at 37°C, 5% CO2 before localization of YFP 
proteins were examined with microscopy (micromanipulator 5171 LEICA DC 
300F).  
During transfection, plasmids pEYFP-C1 was used as the control.  
Western blot analysis of hEXO1 mutant proteins 
  For western blot analysis, 5*105 293T-Tet-Off-hMLH1 cells were seeded 48h 
before transfection using 20μl Lipofectamine TM2000 (Invitrogen, cat# 11668-019) 
with 4μg of the relevant plasmid. After 24h of incubation, whole cell extracts were 
prepared.  
  Wash cells twice with PBS, and cover them with 2ml PBS. Scrap the cells to a 
15ml Nunc tube using a cell scraper, centrifuge for 20 min, and discard all the 
supernatant. Resuspent the cells in 100μl RIPA (PBS, 1%NP40, 50%Sodium 
deoxycholate, 0.1% SDS) +1X inhibitor (Complete Cat# 11873.580001 Roche) and 
sheer the DNA with a 21G needle by taking the liquid up and down five or six times. 
Incubate the mixture on ice for 60 min before centrifuge on 20000G for 20 min at 4°C. 
The supernatant liquid is the total cell lysate. 
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  The protein samples were separated by electrophoresis at 125 eV on 7.5% SDS 
polyacrylamide denaturing gel (Lonza cat#58107). The protein bands were transferred 
to Pure Nitrocellulose Membrane (0.45μm, Bio-Rad Laboratories) at 100eV for 1h. 
Ater blocked with 5% Difco Skim Milk (BD REF 232100) for 1 hour at room 
temperature or 4°C overnight, the membrane was washed with 1x TBS-Tween 20 
(10x TBS [200ml 1M Tris-HCl pH 7.6, 274.1ml 5M NaCl, add H2O to 1000ml] 
diluted to 1x, 0.1% Tween 20) and then probed with 1:500 diluted rabbit anti-YFP 
antibody (A-TEAM). The secondary antibody is 1:1000 diluted Stabilized Goat 
Anti-Rabbit (PIERCE prod# 1858415). The immunostained bands were visualized 
using SuperSignal (Pierce, Prod# 34095) western blotting detection system (AH 
diagnostics UVP).  
2.2 Results 
DNA Sequencing test of hEXO1 mutants 
All the five mutants have been sequenced across the mutated region. As is shown in 
figure 2.3, all the mutations were successfully introduced. 
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Figure 2.3 DNA sequencing of the five mutants, the mutated parts have been highlighted 
Sub-cellular localization of YFP-hEXO1 mutants 
  The localization of YFP should reflect that of hEXO1 since they are fused with 
each other. We divided the figures into two parts: one is for C-terminal deletion 
mutants (figure 2.4), and one is for the mutations of PIP-box-like regions (figure 2.5).  
Two different patterns of hEXO1 were observed in cells transfected with 
YFP-hEXO1: distinct nuclear foci or diffuse nuclear staining. Comparison of the 
results between YFP-hEXO1 and its mutants shows that although the foci in the 
mutants are not as beautiful and clear as the wild-type, the mutated YFP-hEXO1 
(YFP-hEXO1-S702X, YFP-hEXO1-S598X, YFP-hEXO1-C508X, 
YFP-hEXO1-Q154A; Y157A)does localize to the foci in the nucleus except 
YFP-hEXO1-Q285A; F288A (figure 2.4 B and C, figure 2.5). In the cells that are not 
in the S-phase, YFP-hEXO1 and the three mutants (YFP-hEXO1-S702X, 
YFP-hEXO1-S598X, YFP-hEXO1-C508X) all localized to the nucleus (figure 2.4 A 
and C). 
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  It is clear that there is fluorescence in the cytoplasm for cells with 
YFP-hEXO1-Q154A; Y157A (figure2.5), which is consistent with the western blot 
analysis where there are bands for YFP in the lane of YFP-hEXO1-Q154A; Y157A 
(Figure 2.6). But only a few cells for this mutant were fluorescent in the cytoplasm, 
while almost all of them were fluorescent in the nucleus. It appears that some of the 
cells express YFP-hEXO1-Q154A; Y157A as we expected while some express both 
YFP and YFP-hEXO1-Q154A; Y157A.  
Only a few cells (less than 20%) for mutant YFP-hEXO1-Q285A; F288A could be 
seen with fluorescence and most of the fluorescence were localized all over the cell 
with nucleus more fluorescent, but some of the cells were fluorescent only in 
cytoplasm (figure 2.5).  
Although the transfection efficiency was much lower for YFP-hEXO1-Q285A; 
F288A, both YFP-hEXO1-Q285A; F288A and YFP-hEXO1-Q154A; Y157A showed 
similar phenomena under fluorescent microscopy. Both the cell nuclear and cytoplasm 
had fluorescence. In the DNA sequencing of these two mutants, the whole encoding 
region for YFP-hEXO1 were all right with right mutations. So the fluorescent protein 
in the nucleus should be YFP-hEXO1 mutants while the fluorescent protein in the 
cytoplasm must be YFP. Perhaps there was something wrong in the restriction of 
colonies, where we should take single colony. We might take more than one colony 
for plasmid preparation, and may be two kinds of plasmids were prepared: one with 
the coding region for YFP-hEXO1 mutants and one with only the coding region of 
un-fused YFP. Further test will be done and results will be presented during 
examination.  
In our experiment, it is significant that the transfection efficiency is much higher in 
293T-Tet-Off-hMLH1 cells than in NIH3T3 cells (data not shown). But for 
YFP-hEXO1-Q285A; F288A, about only 20% of the cells could be seen with 
fluorescence in both cells lines, while in 293T-Tet-Off-hMLH1 cells, the transfection 
efficiency is around 80% for other mutations. 293T-Tet-Off-hMLH1 cells were 
developed from 293T cells, which are human embryonic kidney cells, immortalized 
with adenovirus 5 DNA. The hMLH1 gene in this cell line is epigenetically silenced 
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through promoter hypermethylation. So this cell is mismatch repair deficient. But if 
the cell medium is Tet systems approved, hMLH1 gene is on and MMR will be 
recovered. According to the experiment in our lab, this cell line is very sensitive to the 
change of living condition, such as adding transfection reagents that is harmful to 
cells. And it is also easier to found the foci in this cell line because of the big nucleus. 
So the cell line 293T-Tet-Off-hMLH1 is a very good choice for such a kind of 
experiment for foci visualization.  
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Figure 2.4 Sub-cellular localizations of YFP-hEXO1 and YFP-hEXO1 mutants 
A) & B) transfected cells not in S-phase C) & D) transfected cells in S-phase. Cells in A) & C) are 
NIH 3T3 cells, and B) & D) are 293T-Tet-Off-hMLH1 cells. 1: YFP-hEXO1 2: YFP-hEXO1-C508X 
3:YFP-hEXO1-S598X 4: YFP-hEXO1-S702X 
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 Figure 2.5 Sub-cellular localizations of YFP-hEXO1 mutants 
Cells in A) are NIH 3T3 cells, and B) are 293T-Tet-Off-hMLH1 cells. 1 & 2: YFP-hEXO1-Q154A; 
Y156A 3 & 4: YFP-hEXO1-Q285A; F288A  
In A1 and B3, the entire cell was fluorescent with a more fluorescent nucleus. A2, B1 and B2 were 
only fluorescent in nucleus. B4 was only fluorescent in cytoplasm.  
 
 
Western blot analysis of the expression of YFP-tagged protein 
Both YFP-hEXO1 and YFP-hEXO1 mutants have YFP-N-terminal tails, so we can 
use YFP antibody in western blot to probe the YFP proteins, then compare among the 
bands of YFP-hEXO1 mutants, YFP-hEXO1 wild-type and YFP protein as well as the 
protein size marker (ProSieve Color Protein markers Lot# BM0797 DOM05/05).  
Cell extracts were made as described in the methods and the total protein 
concentration was determined by Bradford analysis (Standard curve and raw data in 
appendix). But the cells used for western blot were 293T cells instead of NIH3T3 
cells, because the efficiency of transfection for pYFP-hEXO1 in these cells is much 
higher than NIH3T3 cells according to our experiment. Perhaps 293T cells are more 
sensitive to the change of the living condition when transfection reagents were added. 
That is why we used less Lipofectamine TM2000 for transfection for 293T cells than 
NIH 3T3 cells in order to avoid cell death. 
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Protein expressed in 293T cell extracts Total protein concentration 
YFP-hEXO1-C508X 3.4μg/μl 
YFP-hEXO1-S598X 3μg/μl 
YFP-hEXO1-S702X 3.6μg/μl 
YFP-hEXO1-Q154A; Y157A 5μg/μl 
YFP-hEXO1-Q285A; F288A 5.6μg/μl 
hEXO1 3.6μg/μl 
YFP 6.4μg/μl 
 
We used 20μl of the protein sample and 20μl of loading buffer (denatured at 95°C 
for 2min) to SDS gel. The western blot result was shown in figure 2.3. 
  
Table 2.2 Total protein concentration from Bradford analysis. 
Figure2.6 western Blot 
results  
A YFP-hEXO1-C508X YFP-hEXO1-124kDa 
The red arrows points to 
the weak bands of YFP 
for D and E  
F YFP-hEXO1  
G YFP 
D YFP-hEXO1-Q154A; Y156A 
E YFP-hEXO1- Q 285A; F 288A
CYFP-hEXO1-S702X  
B YFP-hEXO1-S598X 
BSA-66kDa 
YFP-30kDa 
The band at 66kDa is believed to be unspecific recognition of BSA. . The truncated 
fusion proteins; YFP-hEXO1-C508X (lane A), YFP-hEXO1-S598X (lane B), and 
YFP-hEXO1-S702X (lane C) all display the expected sizes compared to wild type 
YFP-hEXO1 (lane F). Cell extracts prepared from cells transfected with 
YFP-hEXO1-Q154A;Y157A was also positive in the western blot for expression of 
fused protein as seen in lane D. However, we were not able to detect the expression of 
fusion protein in cell extracts prepared from cells transfected with 
YFP-hEXO1-Q285A;F288A. What is strange is that both D and E show a weak band 
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at the position of YFP (marked with a red arrow in figure 2.6). The result is consistent 
with the analysis of Darkroom Softwear (BioSpectrum AC Imaging System) (figure 
2.7). It is also consistent with the result in figure 2.5 of the microscopy figures, where 
there are fluorescence in the cytoplasm for either YFP-hEXO1-Q154A;Y157A or 
YFP-hEXO1-Q285A;F288A. Since hEXO1 with NLS signals should localize to the 
cell nucleus, the fluorescence in the cytoplasm must be YFP, which also prove that 
there might be something wrong in the restriction experiment of single colony. 
Further test will be done and results will be presented during examination.  
  In figure 2.6, the YFP-hEXO1 band in D is relatively weaker than that in A, B and 
C, although the total protein concentration for D is much higher than these three 
mutants. We used YFP-antibody to probe the proteins in western blot, so if the 
mutation in YFP-hEXO1-Q154A;Y157A made the protein unstable and degraded, the 
antibody would not detect it. As a result the band for this protein would be weaker or 
lost. Low transfection efficiency of YFP-hEXO1-Q285A;F288A might be a good 
explanation of the negative result in figure 2.6 for the band of protein 
YFP-hEXO1-Q285A;F288A.  
 
 
BSA YFP YFP-hEXO1 BSA
Figure 2.7 Intensity curve of the band in western blot, colors in this figure is consistent with the color 
used in the figures 2.3. The left for D, E&G, while the right for A, B, C &G. Compared with A, B and C, 
both D and E shows a small peak in the site of YFP. The intensity figure was made from the darkroom 
software. 
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2.3 Discussion 
The C-terminal of hEXO1 
Firstly in this project, we deduce that the interaction of hEXO1 with PCNA should 
be in the C-terminal, as most of its interactions with the other mismatch repair 
proteins take place in the C-terminal, and the N-terminal and Internal domain of 
hEXO1 is its exonuclease domain (Schmutte et al. 2001/ Liberti and Rasmussen et al. 
2004/Nielsen et al.2004). And the PCNA-interaction motifs are in the C terminal of 
its two homologues FEN-1 and XPG, which also drive us to draw such a conclusion 
(Gary et al. 1997). It is also reported that the C-terminal region of hEXO1 is sufficient 
for its PCNA-replication-foci localization (Nielsen et al. 2004). So we did deletion 
mutagenesis of the C-terminal to see whether it still can localize to the 
PCNA-replication foci, which may indicate its interaction with PCNA. But this 
interference is not 100% correct, since hEXO1 also interacts with other MMR 
proteins that can also ferry it to nucleus to the foci. It has been proved that hEXO1 
proteins can localize to nucleus with the help of other MMR proteins even without 
NLS signals (Knudsen et al. 2007). Three putative NLS sequences 290PIKRKLI296, 
418KRPR421and 775KRKH778 have been investigated by Knudsen’s group, and 
mutations in critical residues (K418, R419) of 418KRPR421 sequence resulted in loss of 
nuclear translocation. But that defective nuclear localization of hEXO1 mutants could 
be rescued by hMLH1 or hMSH2 by protein protein interaction. Similarly, if the 
PCNA-replication-foci localization signal of hEXO1 is destroyed or lost, the other 
proteins (hMLH1, hMSH2 etc.) that interact with hEXO1 might help it localize to the 
foci. 
  
Figure 2.8 the three 
C-terminal deletion 
mutants of hEXO1 
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For the three C-terminal deletions, two patterns of hEXO1 in the nucleus could be 
seen, one is diffuse nuclear staining and one is distinct nuclear foci. It seems that the 
C-terminal region has no effects on the ability of hEXO1 to form the foci. As shown 
in figure 2.8, the C-terminal deletions destroy two interaction domains with hMSH2 
and hMLH1, while the other two hMSH3 and hMLH1 interaction domains were still 
left as well as the nuclear localization signal.  
It has been reported that MMR proteins-hMSH2 and hMLH1 display a strong 
interaction with PCNA. So it is possible that the other proteins belonging to the MMR 
system interact indirectly with PCNA through association with the proteins (hMSH2, 
hMLH1, hMSH3 etc.) that interact directly with PCNA. Such kind of indirect 
interaction with PCNA exists in other proteins, such as CDK2 which lacks a PIP box 
and functions in triad with PCNA and PIP-box containing proteins (Riva et al. 2004). 
Although all the C-terminal deletion proteins are translocated to the nucleus and 
localize in foci, the foci in the microscopy are not as regular and beautiful as the 
YFP-hEXO1 control (Figure 2.4). And it was more difficult to find the foci in these 
C-terminal mutants. As was discussed before, the C-terminal deletions destroyed the 
interaction sites of hMSH2 and hMLH1. The loss of these two interaction sites may 
cause it difficult for hEXO1 to form the foci, but it still form the foci with the help of 
the other two binding of hMSH3 and hMLH1. hEXO1 was reported to enhance 
nuclear foci formations of hMLH1 and hMSH2 (Knudsen et al. 2007), which should 
be a co-influence through protein protein interaction. So, nuclear foci formation of 
hEXO1 may be weakened by deletion of the interaction regions with hMSH2 and 
hMLH1.  
It is clear that C-terminal of hEXO1 is very important for protein interaction. As the 
exonuclease activity needs controlling by hMSH2, hMLH1 and other proteins at the 
presence of mismatches. So the C-terminal is also important for its activity by 
interaction with the protein partners of hEXO1.  
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hEXO1 and DNA replication 
The localization of hEXO1 to PCNA replication foci indicates both its involvement 
in DNA replication and in MMR. The MMR proteins also localize to foci by 
interaction with PCNA (Masih et al. 2007). It has been reported that EXO1 
demonstrate an RNase H activity in yeast, and may function as a backup enzyme to 
FEN-1 during RNA primer removal (Tishkoff et al. 1997/ Qiu et al. 1999). In our 
analysis, although a large region (Δ508aa～846aa, Δ598aa～846aa and Δ702aa～
846aa) in the C terminal of hEXO1 has been deleted, the truncated proteins still 
localized to the foci. In the shortest mutant (YFP-hEXO1-C508X), we can even find 
very clear and distinct foci in the nucleus, which is very similar to hEXO1 wild type 
(figure 2.4 D2). 
We can only conclude that hEXO1 mutants localized to the foci, and 
co-transfection of PCNA needed to be done to confirm whether PCNA and hEXO1 
mutants co-localized to the replication foci.  
The N-terminal domain of hEXO1 
Another possibility is that hEXO1 interacts with PCNA through the N-terminal 
instead of C-terminal of hEXO1. The PIP box could be found at either N- or 
C-terminal of PCNA binding proteins (figure 2.9, Emma Warbrick, 2000).  
  For the analysis of N-terminal of hEXO1, we chose to do mutations of the 
PIP-box-like regions: YFP-hEXO1-Q154A;Y157A and YFP-hEXO1-Q285A;F288A. 
Some unexpected results came out, such as the appearance of un-fused YFP proteins. 
However, we could find very clear and distinct foci in cells transfected with 
YFP-hEXO1-Q154A;Y157A, which meant mutation in 154Q and 157Y had no 
significant influence on foci formation of hEXO1. 
  The result for YFP-hEXO1-Q285A;F288A was interesting. Little cells after 
transfection with YFP-hEXO1-Q285A;F288A could be seen with fluorescence, which 
may indicate low transfection efficiency. And most fluorescence was localized in the 
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cytoplasm.  
  One explanation for these two mutants was the failure in restriction of single 
colonies, where we might take two colonies with different plasmids: one with coding 
region for mutated YFP-hEXO1 protein and one with coding region for only YFP 
protein.  
  But there might be another explanation for mutant YFP-hEXO1-Q285A;F288A. A 
putative NLS sequence 290PIKRKLI296 localizes quite near 285Q and 288F, so 
mutations in 285Q and 288F might influence the nuclear localization of hEXO1, 
which cause the cytoplasm localization. However, 283LYQLVFDP290 might be a real 
PIP-box, since no foci could be found under microscopy. Mutants 
YFP-hEXO1-Q285A;F288A might destroy the PIP-box as well as the NLS sequence, 
so the mutated protein was localized to the cytoplasm and did not localize to the foci. 
  Since no positive results came out in the C-terminal deletion mutations of hEXO1, 
further test in the N-terminal region of hEXO1 needs to be done.  
 
 
Figure 2.9 A schematic representation of PCNAbinding motifs within eukaryotic proteins. The black box 
denotes the position of the PCNA-binding domain, while coloured boxes indicate other functional domains: 
 
 
 
p21, CDK/cyclin-binding domains; Fen1 and XPG, endonuclease domains; Cdc27 (S. pombe), Cdc1-binding 
domain; Pogo (Drosophila), DNA-binding domain of the transposase; DNA ligase I, the catalytic domain; 
MCMT, methyltransferase domain; WRN, exonuclease domain shown in red, helicase domain in blue; RFC, 
DNA-binding domain in red, PCNA-interacting domain in blue; MSH3, the coloured domain shows a region 
hEXO1 and Cancer 
Mutations in MMR system affect genomic stability, which can result in 
microsatellite instability (MI). MI is implicated in most human cancers. Specifically 
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the overwhelming of majority of HNPCC is attributed to mutations in genes encoding 
MutS and MutL homologues. hEXO1 is the only exonuclease that has been identified 
in human MMR , so hEXO1 is believed to be a candidate gene in the pathogenesis of 
HNPCC. Although 90% of the mutations in HNPCC were found in MLH1 and MSH2, 
mutations in hEXO1 were also identified in HNPCC families by scanning germline 
mutation, including Val27Ala, GLu109Lys, Ala137Ser, Leu410Arg, Phe438Lys, 
Ser610Gly, Pro640Ala/Ser, Gly759Glu, Pro770Leu, and Ala827Val (Wu et al. 2001/ 
Jagmohan-Changur et al. 2003). Mutants GLu109Lys and Leu410Arg displace no 
nuclease activity while mutants Pro640Ser, Gly759Glu and Pro770Leu show reduced 
interaction ability with hMSH2 compared with wild type. The pathogenesis effect of 
hEXO1 mutants might be explained by the function defects, resulting in reduced 
MMR activity and genomic instability. Also the reduced interaction ability with 
hMSH2 might cause defects in regulation of nuclease activity of hEXO1 in MMR.  
Our C-terminal deletions of hEXO1 (YFP-hEXO1-S702X, YFP-hEXO1-S598X, 
and YFP-hEXO1-C508X) include the hMSH2 interaction region, which should cause 
hEXO1 to function improperly. The irregular and less beautiful foci in cells 
transfected with YFP-hEXO1-S702X, YFP-hEXO1-S598X, and YFP-hEXO1-C508X, 
could indicate the defects caused by lost of interaction with hMSH2.  
MMR system is a protein complex, in other words, a protein network formed by 
protein protein interaction. Mutations in one protein will surely affect the whole 
network, which causes it difficult to identify the pathogenesis of HNPCC. But 
mutations of MSH2 and MLH1 in HNPCC families are dominant. And the 
exonuclease activity of hEXO1 in excision step during MMR is closely controlled by 
MutS and MutL. At the time of mutations in MutS and MutL, the DNA degradation 
produced by EXO1 may no longer be regulated, resulting in unwanted degradation 
and genomic instability. There is still a long way to go before the mechanisms of 
MMR and the detailed function of EXO1 have been identified. Then we can have a 
clearer picture of the pathogenesis of many kinds of cancers related to MMR.  
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2.4 Future Work 
YFP proteins, which we can find under fluorescent microscopy, were fused right in 
the N-terminal of hEXO1. So another method should be found out to test hEXO1 
N-terminal deletions. Cloning experiment could be done to construct a C-terminal 
tagged YFP-hEXO1 protein so that the experiment could be carried out in vivo.  
If the experiment in vivo is more believable, the test in vitro is much more 
straightforward. There are contradictory results reported: hEXO1 and PCNA were 
proved not to interact directly with each other using two-hybrid system (Nielsen et al. 
2004), while PCNA was reported to show a strong interaction with EXO1 by Dzantiev 
et al. 2004. Both of the experiments were performed in vitro, while the ones of 
Dzantiev’s group was a direct incubation of EXO1 and PCNA on a nitrocellulose 
membrane in Far Western analysis. And the results in two-hybrid system are reported 
to contain a certain ratio of false positive (up to 50%). So it seems that the result of 
Dzantiev’s group is more believable. But the two-hybrid system test of Nielsen’s 
group in some aspects proves our speculation that PCNA and hEXO1 interact 
indirectly.  
We are planning to do GST-pull-down assays to analyze the interaction of PCNA 
and hEXO1, as well as hEXO1 mutants in vitro.  
  As we deduced that the mutants YFP-hEXO1-Q154A;Y157A and: 
YFP-hEXO1-Q285A;F288A made YFP-hEXO1 unstable, protein processing analysis 
could be used in testing the mutant proteins stability.  
  No positive result came out for YFP-hEXO1-Q285A;F288A in western blot 
analysis and the transfection efficiency was so low, so we need to optimize the 
experiment for transfection of this mutants in order to get more mutated protein in the 
total cell lysate. And we could also do cotransfection of YFP-hEXO1-Q285A;F288A 
with PCNA to see weather they colocalize with each other in the cytoplasm. If so, we 
can deduce that the interaction of PCNA with hEXO1 helps hEXO1 in the foci 
localization, and the function of this interaction is dominant compared with the 
interaction of hEXO1 with MMR proteins (hMLH1, hMSH2 etc.).  
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3. Bioinformatics Part 
We will analyze PCNA and hEXO1 using three individual tools, and principles, 
methods and results will be given separately in three parts in order to avoid 
misunderstanding and confusing of the three different ways of analysis. 
3.1 Phylogenetic profiling 
3.1.1 Principles and Methods 
If the co-presence or co-absence of a certain gene pairs across a number of 
genomes could be detected, they are predicted as encoding interacting protein. 
However, with the lack of software tools for this method, determination of the 
co-presence or co-absence of gene pairs is not so accurate containing so much 
subjective interference. “Mirror tree” method is a more quantitative phylogenetic 
method to examine protein interaction, which uses the resemblance between 
phylogenetic trees of two sequence family.  
The principle is that if two proteins trees are nearly identical in topology and are 
highly correlated in terms of evolutionary rate, they are likely to interact with each 
other (Zhu et al. 2004).  
Then we tried to build phylogenetic trees of PCNA and hEXO1 ourselves using 
Clustal X 1.831 . Clustal is a useful tool that can do multiple sequence alignment and 
build phylogenetic trees.  
The basic work of Clustal could be illustrated in figure 3.1.  
 
 1. Download links of this software can be found in both http://bips.u-strasbg.fr/fr/Documentation/ClustalX/ and 
http://akira.ruc.dk/~olesk//sekvens/Treedraw.htm , and there is also useful help in 
http://www-igbmc.u-strasbg.fr/BioInfo/ClustalX/Top.html for beginners. http://www.ebi.ac.uk/Tools/clustalw2/index.html is an 
online link that can do this multiple sequence alignment. 
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We chose the homologues for both PCNA and hEXO1 by blasting against all 
organisms’ database in NCBI (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi), using both 
blastp (Search protein database using a protein query) and blastx (Search protein 
database using a translated nucleotide query). Then the multiple sequence files of both 
proteins and their mRNA are built. The most commonly used file-format is “FASTA” 
(figure 3.2) and is built in notepad file.  
 
Figure 3.1 working of Clustal 
Figure 3.2 “FASTA” format file for multiple sequence alignmen  
3.1.2 Results and Brief Discussion 
 organisms PCNA EXO1 
1 human  CAG46598 Q9UQ84 
2 rhesus_macaque XP_001115756 XM_001093427.1 
3 chimpanzee XP_001165515 XM_514304.2 
4 mouse NP_035175 NM_012012.3 
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5 rat NP_071776 NM_001107198.1 
6 platypus XP_001509259 XP_001514118 
7 opossum XP_001372510 XM_001368483.1 
8 cattle Q3ZBW4 XM_582828.3 
9 horse XP_001494771 XM_001491483.1 
10 dog XP_534355 GENE ID: 490370  
11  chicken  NP_989501 XM_419550.2 
12 zebrafish AAH49535 Q803U7 
13 honey bee XP_001122985 XP_393481 
14 fruit fly NP_995904 AY051794 
15 jewel wasp XP_001605199 XP_001603157 
16 Xenopus laevis AAH80365 NP_001083827 
17 Caenorhabditis elegans O02115 NM_499770 
18 Strongylocentrotus purpuratus XP_001196966 XM_780830 
19 Saccharomyces cerevisiae EDN64705 NP_014676 
20 Schizosaccharomyces pombe CAB38513 NP_596050 
21 Aedes aegypti XP_001662644 XP_001657573 
22 Tetraodon nigroviridis CAG07797 CAF92263 
23 Neosartorya fischeri NRRL 181 XP_001265175 XP_001263538 
24 Oryza sativa Japonica Group NP_001048438 BAD60834 
25 Dictyostelium discoideum AX4 XP_637117 XP_635308 
26 thale cress NP_180517 AAF97826 
 Table 3.1 All the proteins we chose from the blast results and its accession number on NCBI 
We chose totally twenty-six kinds of proteins or mRNAs for analysis. The mRNA 
sequence was taken directly by the “CDS” link from the webpage from the protein in 
NCBI protein database.  
The 26 proteins cover the organisms from vertebrates to invertebrates, including 
primates, rodents, monotremes, marsupials, insects as well as nematode, echinoderm 
and fungi.  
As there are so many kinds of proteins, we only chose the first 16 in table 3.1 for 
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analysis at first.  
 
 Figure 3.3 phylogram tree generated from http://www.ebi.ac.uk/Tools/clustalw2/index.html by 
multiple sequence alignment. The pink one is for EXO1 proteins, while the light gray one for PCNA 
proteins 
 
 
We can see from both figure 3.3 and 3.4 that the phylogenetic trees for PCNA and 
hEXO1 among these 16 kinds of proteins greatly resemble each other, although they 
are not mirror like. PCNA is reported to be conserved from yeast to human (Xu et al. 
2001) so that the distance between different organisms should be relatively small, and 
as a result the tree graph distance in figure 3.4 is so small that the branches is highly 
overlapped among higher animals.   
   Comparison of the results from the web of EBI and Clustal X 1.83 shows that they 
are almost the same (data not shown), and the multiple sequence alignment in EBI 
web server is relatively quicker. The preparation is the same including the sequencing 
files. And we can also choose the alignment files we want and demonstrate the 
diagrams on line, the web server maybe a better choice for alignment. 
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 Figure 3.4 radial trees generated from multiple sequence alignment using Clustal X 1.83 the 
tree with pink frame for EXO1 and the one with light gray frame for PCNA 
 
Then we do multiple sequence alignment among the rest 9 kinds of proteins, the 
phylogenetic trees are shown in figure 3.5. There is not so much resemblance between 
the trees of PCNA and hEXO1, which may results from the difficulties in choosing 
the homologues of hEXO1 among the other organisms using blast. The result from 
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blast is a comparison between two sequences to find their similarity. There are so 
many mismatches (around 80% or 70% of the whole sequence) between proteins of 
lower organisms with hEXO1, so we can not tell whether they are homologues or not. 
However, many of the proteins we chose are those contain relatively conserverd 
exonuclease domain.  
 
 Figure 3.5 phylogram trees generated from http://www.ebi.ac.uk/Tools/clustalw2/index.html by 
multiple sequence alignment. The pink one is for EXO1 proteins, while the light gray one for PCNA 
proteins 
 
 
  It is believed that if mutations occur at the interaction surface for one of the 
proteins, corresponding mutations are likely to occur in the interacting partner to 
sustain the interaction. So the two interacting proteins should have similar phylogeny 
trees that can stands for similar evolutionary history (Guan et al. 2006/ zhu et al. 
2004).  
  From all the results above, we can only tell that PCNA and hEXO1 are highly 
related to each other. Exact conclusion needs prove from experiment. Also PCNA 
interacts with so many protein partners and interaction motif-PIP box is such a small 
sequence, so this comparison depending on evolutionary can only used as a 
prediction.  
  As the result of multiple sequence alignment from both protein sequences and 
mRNA sequences were the same, we only chose those from protein alignment. 
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3.2 Identification of structure patterns 
3.2.1 Principles and methods 
 Figure 3.6 Protein interaction network of human PCNA (generated from http://string.embl.de// ) 
Stronger associations are represented by thicker lines; PCNA is red in the centre; only part of the 
network is shown, more cross links between them and more proteins interacting with PCNA exist. 
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So far, PCNA is the only protein that has been found to interact with so many 
proteins (figure 3.6). More proteins will be sure to come out as time goes on. Its many 
interacting partners function in almost all DNA metabolism, including DNA 
replication, recombination, mismatch repair, BER, NER, chromatin assembly and 
remodeling, chromatid cohesion, cell cycle control and survival, transcription and 
transportation. Almost all the proteins interact through a small conserved 
motif-Q-x-[x]-I/L/V-x-[x]-F/Y/W/H-F/Y/W/H, termed PIP-box.  
Since so many proteins rely on this small binding motif for interaction with PCNA, 
the PIP box is definitely very important part when we are going to analyze a protein 
that was suspected to interact with PCNA.  
PIP-box sequence (Q-x-[x]-I/L/V-x-[x]-F/Y/W/H-F/Y/W/H) indicates its hydrophobic features but 
not so much sequence similarities except the initial “Q”. However, “Q” does not seem 
necessary for all the PIP boxes, such as the one in p12 (KRLITDSY), which belongs to 
DNA Polδ family (Li et al. 2006). But it has a conserved structural motif 310 helix1 , 
which displaces a hydrophobic interaction with PCNA through its hydrophobic amino 
acids and the hydrophobic pocket of PCNA (figure 3.7) (Gulbis et al. 1996/ Bruning 
and Shamoo, 2004/ Sakurai et al. 2005).  
 
                                                        
1.  The amino acids in a 310-helix are arranged in a right-handed helical structure. Each amino acid corresponds to a 120° turn in 
the helix (i.e., the helix has three residues per turn), and a translation of 2.0 Å (= 0.2 nm) along the helical axis. Most importantly, 
the N-H group of an amino acid forms a hydrogen bond with the C = O group of the amino acid three residues earlier; this 
repeated i + 3 → i hydrogen bonding defines a 310-helix. 
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 Figure 3.7 A: structure similarity between human p21 and FEN-1; twoβsheets with αhelix in 
between which should be the 310 helix. B: superimposition of six the PIP-box regions from six 
PIP-box to sliding clamp cocrystal structures (Bruning and Shamoo, 2004); we sited this figure to 
show that the PIP box region have a very strong structure similarity but only in a small region C: 
PCNA monomer with its hydrophobic amino acids labeled in yellow, and shown in green on 
secondary structure (generated with Swiss-PdbViewer 3.7 from 1AXC). 
In human PCNA sequence, Cys21, Gly69 Leu121, Val123 and Ala67 form the small hydrophobic 
pocket while Met40, Val45, Leu47, Leu126, Ile128, Pro129, Tyr133, Pro234, Tyr250, Ala252 and 
Pro253 form the big hydrophobic pocket.  
 
 
 
 
 
 
Upon some of the analysis of PIP-box done by former researchers, we can draw 
some conclusions like this: 
? PIP-box is small binding motif with a conserved structure despite its sequence 
viability (figure 3.7B).  
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? PIP-box is sufficient for some of the protein binding to PCNA, such as p21 RFC 
and DNA ligase-1, and more to come (Bruning and Shamoo, 2004).  
? The affinity varies with its sequence difference and the interaction of PCNA with 
other amino acids just out the N- and C-terminal of PIP-box (Gulbis et al. 1996/ 
Bruning and Shamoo, 2004/ Sakurai et al. 2005).  
  In the case of hEXO1, there is still no structure data that can be found in the 
databases, including NCBI and RCSB-PDB. As a result, we did sequence alignment 
first to identify the PIP-box-like regions, and then we used the secondary structure 
predictor to predict its secondary structure in order to find the structure that was 
relevant to 310 helix. The web servers we used were Jpred31 and PredictProtein2. 
  The two web servers are useful and convenient tools for protein structure prediction, 
which use a combination of predication methods including sequence alignment, 
evolutionary analysis and comparison among other prediction server. Users only have 
to prepare the protein sequence that need to be predicted, and then the result will 
come out a short time later than submission of the protein, directly through the 
webpage or in the way of an email.  
3.2.2 Results and Brief discussion 
PIP-box-like region search 
We made multiple alignment using EBI3 with the FSATA sequence file used in 
phylogenetic profiling (accession of sequence in NCBI is in table 3.1). hEXO1 and its 
homologues were chosen human, chimpanzee, rhesus macaque, dog, horse, cattle, 
mouse, rat, opossum, platypus, chicken, Xenopus laevis, zebrafish, jewel wasp and 
fruit fly. The following table shows the conserved sequences either PIP-box-like 
region (Q-x-[x]-I/L/V-x-[x]-F/Y/W/H-F/Y/W/H) or the region with significantly hydrophobic amino 
acids.   
 
 
  1. http://www.compbio.dundee.ac.uk/~www-jpred/
2. http://www.predictprotein.org/newwebsite/  
3. http://www.ebi.ac.uk/Tools/clustalw2/index.html  
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organisms 1 2 3 4 5 6
Human 4QGLLQFIK11 25QVVAVDTYCWLH36 154QLAYLNKA161 283LYQLVFDP290 497VVVPGTRSRFF507 788QIKLNELW795
chimpanzee 4QGLLQFIK11 25QVVAVDTYCWLH36 114QLAYLNKA121 243LYQLVFDP250 457VVVPGTRSRFF467 748QIKLNELW755
rhesus 
macaque 
4HGLLQFIK11 25QVVAVDTYCWLH36 154QLAYLNKA161 283LYQLVFDP290 497VVVPGTRSRFF507 788QIKLNELW795
dog 4HGLLQFIK11 25QVVAVDTYCWLH36 154QLAYLNKA161 283LYQLVFDP290 497VVVPGTRSRFF507 776QIKINELW783
horse 4 HGLLGFIK 11 25QVVAVDTYCWLH36 154QLAYLNKA161 283LYQLVFDP290 497VVVPGTRSRFF507 777QIKINELW784
cattle 4 HGLLQFIK 11 25QVVAVDTYCWLH36 154QLAYLNKA161 283LYQLVFDP290 497VVVPGTRSRFF507 776QIKINELW783
mouse 4 QGLLQFIQ 11 25QAVAVDTYCWLH36 154QLAYLNKA161 283LYQLVFDP290 495VVVPGTRSRFF505 779QTKISELW786
rat 4 QGLLQFIK 11 25QAVAVDTYCWLH36 154QLAYLNKA161 283LYQLVFDP290 495IVVPGTKSRFF505 778QIKISELW785
opossum 4 QGLLQFIK 11 25QVVAVDTYCWLH36 154QLAYLNKT161 283LYQLVFDP290 498IVVPGTRSRFF508 779QIKISELW786
platypus 4QGLLQFLK 11 25QVVAVDTYCWLH36 154QLAYLNKT161 283LYQLVFDP290 493VVVPGTRSRFF503 761QVKISQLW789
chicken 4 QGLLQFIK 11 25QAVAVDAYCWLH36 154QLAYLNKT161 283LYQLVFDP290 493VIVPGTRSRFF503 747QATIGELW754
Xenopus 
laevis 
4 QGLLQFLK 
11
25KTVAVDTYCWLH36 154QLAYLNKN161 283LYQLVFDP290 483VSATGTRSRFF493 720QIKLNELW732
zebrafish 4 QGLLQFIK 11 25QTVAVDTYCWLH36 154QLAFLNKS161 283LYQLVFDP290 493TEEQGTCSRFF503 755QATISGLW762
jewel wasp 4 TGLIPFLE 11 25KAVAIDTYCWLH36 154QLAYLNIS161 285KHQLVYCP292 403VVVLKTDYLKK413  
fruit fly 4 TGLIPFVG 11 25STVAVDTYCWLH36 154QMAWLNRA161 285RHMFIYNP292 510KEQVQIRSRFF520 717QTKLSMFG724
 
 
 
Table 3.2, result analysis of the multiple alignment depending on the PIP-box-like region or the region with many 
hydrophobic amino acid (the ones marked with yellow label is the amino acids in human EXO1 that have the same 
position and the same hydrophobe compared with PIP-box Q-x-[x]-I/L/V-x-[x]-F/Y/W/H-F/Y/W/H; raw data in Appendix)  
We chose six conserved regions that were likely to be the PIP-box and may 
function in the interaction with PCNA because of their hydrophobic amino acids. 
Besides the amino acids with yellow label, there are still other hydrophobic amino 
acids in the hypothetic PIP-boxes. It has been identified that amino acids that follow 
the N- or C-terminal of PIP-box are essential for efficient binding (Bruning and 
Shamoo, 2004). What’s more, we cannot find a 100% matched PIP-box in hEXO1. So 
these hydrophobic amino acids may act as an assistant for PCNA binding. For 
example, the fifth one in the table, 497VVVPGTRSRFF507, has no sequence similarity 
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with PIP-box except a beautiful PIP-box tail-“FF”. But it has three “V” in the 
N-terminal, which is very hydrophobic and may interact with the hydrophobic pockets 
of PCNA (figure 3.7).  
The first and sixth ones are most likely to be a PIP-box, since the sequence 
arrangement is most similar to consensus PIP-box (Q-x-[x]-I/L/V-x-[x]-F/Y/W/H-F/Y/W/H). The 
conserved structure of PIP-box and 310 helix, have been reported to be found usually 
as N- or C-terminal extensions to an α-helix (Baker and Hubbard, 1984/ Barlow and 
Thornton, 1988). A great number of crystallized proteins have 310 helix at either 
N-terminal or C-terminal adjacent to the PIP-box. The putative PIP-box regions No. 1 
and no. 6 are located at the N-terminal and C-terminal of hEXO1, respectively. This 
substantiates our idea that one of them may probably be a PIP-box.   
Secondary structure prediction 
A huge amount of information will be given from a prediction in the web server- 
Jpred3 and PredictProtein, such as motif search, domain search, disulfide bond 
analysis, hydrophobic prediction, secondary structure element prediction and so on. In 
our analysis, we only chose the ones that were useful in our case.  
 
Results from Jpred3 
Table3.3 downwards partly shows the result from Jpred3 including all the 
prediction results for the PIP-box-like regions in table 1. Jnet stands for final 
secondary structure prediction for query; Jnet_25 for Jnet prediction for burial, less 
than 25% solvent accessibility; Jnet Rel for Jnet reliability of prediction accuracy, 
ranges from 0 to 9 (the higher the better). 
Except no.1 and no. 4 in the table, all the other results in Jnet line show a structure 
pattern of helix-sheet combination, which resembles figure 3.7A where FEN-1 and 
p21 both have a sheet-helix-sheet structure pattern across PIP-box. But no.4 has a 
higher exposure rate upon prediction, and it also has a beautiful “FF” tail in the 
PIP-box-like region. What’s more, the two “FF” lies in the sheet structure and this 
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prediction also has a high accuracy with the numbers in Jnet Rel more than 6. All the 
others except no.6 have a lower exposure rate. Although no 6 shows a lower Jnet Rel 
value, it has a higher exposure rate, which may be good for exposure to the 
hydrophobic pocket of PCNA.  
From this analysis, we think no.2, no.3, no.5 and no.6 need further prove by 
experiment, for example by mutation in the useful hydrophobic amino acids. 
 
1 2 
 
 
3 4 
 
5 6 
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 Table 3.3 results from Jpred3 
 Jnet            - Final secondary structure prediction for query 
jalign          - Jnet alignment prediction 
 jhmm            - Jnet hmm profile prediction 
 jpssm           - Jnet PSIBLAST pssm profile prediction 
Lupas           - Lupas Coil prediction (window size of 14, 21 and 28) 
 Jnet_25         - Jnet prediction of burial, less than 25% solvent accesibility 
Jnet_5          - Jnet prediction of burial, less than 5% exposure  
Jnet_0          - Jnet prediction of burial, 0% exposure 
Jnet Rel        - Jnet reliability of prediction accuracy, ranges from 0 to 9, bigger is better.  
 
 
Results from PredictProtein 
When a query is submitted to PredictProtein, they will send it to other prediction 
servers, such as PROSITE motif search, SEG low-complexity regions, ProDom 
domain search, PHD (profile fed neural network systems from HeiDelberg) and so on. 
And users only get a list of different prediction results from different servers. So it is 
up to the user to combine multiple results and derive a consensus. It is sure not to be 
as convenient as the Jpred server which will give a total consensus. But different 
results are given here, a comparison could be done easily and this comparison could 
also be used to prove the conclusion in Jpred.  
The secondary structure composition is consistent among them, with 18.1% helix, 
5.2% strand and 76.7% loop. It seems that hEXO1 has a rather flexible structure with 
so many loops, most of which were located at the C-terminal. Both N-terminal and 
Internal domain have more complex structures with short sheets, helix and loops 
(Raw data is in Appendix). Amino acids from 323 to 846 of hEXO1 protein were 
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predicated as the NORS (Regions lacking regular structure) region by Predictor of 
NOn-Regular Secondary Structure in PredictProtein. 
Compared with Jpred, the region after 323aa was defined as NORS so that no 
particular secondary structures were assigned for that region. So we could only get the 
prediction result for the first four PIP-box-like regions in table3.2. Among the four we 
had, the secondary structures predicted were almost the same as them in Jpred3, so no 
further discussion would be given. 
 
1 2 
  
3 4 
 
 
 
 
 
  
 
Table 3.4 results from PredictProtein 
AA: amino acid sequence; OBS_sec: observed secondary structure; PROF_sec: PROF (Profile network prediction 
HeiDelberg) predicted secondary structure: H=helix, E=extended (sheet), blank=other (loop); Rel_sec: reliability index 
for PROFsec prediction (0=low to 9=high); SUB_sec: subset of the PROFsec prediction, for all residues with an 
expected average accuracy > 82%; O_3_acc: observerd relative solvent accessibility (acc) in 3 states: b = 0-9%, i = 
9-36%, e = 36-100%; P_3_acc: PROF predicted relative solvent accessibility (acc) in 3 states: b = 0-9%, i = 9-36%, e 
= 36-100%.; Rel_acc: reliability index for PROFacc prediction (0=low to 9=high); SUB_acc: subset of the PROFacc 
prediction, for all residues with an expected average correlation > 0.69  
Compare the results in PredicProtein and Jpred3, they are almost the same. And 
Jpred3 may be an easy tool for secondary structure prediction. If you need more 
detailed information, such as motif, disulfide or domains, PredictProtein is a better 
choice.  
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3.3 Protein-Protein Interactions and MicroRNAs 
In higher eukaryotic cells, the biological systems can be efficiently regulated in 
three steps (Liang et al., 2007). Firstly, the regulation in the transcriptional level 
determines the messenger RNA expression specificity. Then the protein output can be 
regulated in the post-transcriptional level. As a new class of gene expression 
regulators, microRNAs have emerged significant roles in the second step. Finally 
biological functions are implemented by output proteins through the interaction 
network. Studies showed that large-scale coordination exist in every step (Yu et al., 
2007). There might be some relationships between the microRNAs and the 
protein-protein interaction network. 
 
3.3.1 Principles and methods 
Interactions between proteins are critical to most biological process. Recently, the 
protein-protein interaction or “interactome” network is built based on biotechnologies 
such as yeast two-hybrid and pull-down assays (Rual et al. 2005). This network is a 
dynamic entity, in which each node represents a protein and the interactions between 
proteins are represented by edges. The function of this huge network depends on the 
expression of the proteins (Han et al. 2004). Different regulatory mechanisms control 
the expression of proteins. MicroRNAs have emerged as a new class of regulatory 
genes that repressed the expression of proteins in post-transcriptional level (Bartel, 
2004). So far, the exact relationship between protein-protein interaction network and 
microRNAs remains unclear. It was suggested that microRNA tends to regulate hub 
proteins, which have relatively high connectivity in the protein interacting network 
(Liang et al. 2007). Some investigations showed that two interacting proteins tend to 
be regulated by similar microRNA regulations (Liang et al. 2007), and genes 
encoding interacting proteins tend to have similar microRNA expression profiling 
(Rual et al. 2005).  
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We searched for putative microRNAs in the miRBase (Details not shown). The 
searching engine is implemented by the miRanda algorithm, which is used to scan all 
available microRNA sequences for a given genome against the 3’UTR region of that 
genome. 
3.3.2 Result and brief discussion 
Protein connectivity is related to microRNA regulation 
In MMR system, the interacting protein network includes at least MSH2, MSH3, 
MSH6, MLH1, PMS2, PCNA and EXO1. Following figure shows the number of 
putative microRNA regulators of those proteins in humans. From the results, it is 
obviously that MSH2, MLH1, EXO1, and PCNA have significant more putative 
microRNA hits than others. MSH2 is required for all types of mismatch repair and 
MSH3 and MSH6 provide specificity of the type of mismatch (Kolodner 1996). 
MLH1 is also the only protein that exists in the mutL complexes such as 
MLH1-PMS2, MLH1-PMS1, and MLH1-MLH3. Additionally, MLH1 is involved in 
the crossing-over during meiosis (Hunter et al. 1997). EXO1 is a member of the 
RAD2 nuclease family and functions in many biological pathways including DNA 
replication, repair, and recombination. PCNA is involved in DNA repair, chromatin 
remodeling, cell cycle control, etc. Above evidence correlated with putative 
microRNA statistic indicates that the proteins that microRNAs tend to regulate are 
essential in biological functions, which is consistent with the suggestion by Liang et al 
that microRNA regulation is more important to hub proteins. The proteins with many 
interactions may require more controls in the post-transcriptional level, in order to 
keep the interactions accurate and efficiency. microRNAs may play important roles 
between the regulation of gene expression and the protein interacting network. 
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Putative microRNA regulators of proteins in MMR
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Figure 3.8 Number of putative micoRNA regulators of Proteins in MMR finding according to the 
miRBase 
 
 
 
Similarity analysis from Raw data for the chosen proteins 
Table 3.5: Putative microRNAs regulating all combinations of MMR proteins 
Proteins combinations Same putative regulating microRNAs 
MSH2-MSH6 miR-154, miR-142-5p, miR-374a*, miR-545* 
MSH2-MSH3 none 
MSH2-MLH1 miR-340, miR-429,miR-514,miR-148a, 
miR-148b,miR-200c,  miR-208b, 
miR-455-3p,miR-888* 
MSH3-MLH1 miR-372, miR-373, miR-106b 
MSH6-MLH1 miR-374a* 
MSH3-MSH6 none 
MSH3-PMS2 miR-944 
MSH2-PMS2 miR-208, miR-208b, miR-548c-3p 
MLH1-PMS2 miR-587, miR-208b , miR-525-3p 
MSH6-PMS2 none 
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MSH2-EXO1 miR-96, miR-141, miR-514, miR-600, miR-16-2*, 
miR-200a, miR-323-3p, miR-499-3p, miR-499-5p, 
miR-582-5p 
MLH1-EXO1 miR-373, miR-383, miR-514, miR-150*, miR-302b, 
miR-302c, miR-302d, miR-361-5p, miR-520a-3p, 
miR-520d-3p, miR-520e 
MSH3-EXO1 miR-136, miR-373, 
MSH6-EXO1 none 
PMS2-EXO1 none 
PCNA-PMS2 miR-548c-3p 
PCNA-MSH6 miR-154 
PCNA-MSH3 miR-20a 
PCNA-MSH2 miR-144, miR-154, miR-16-2*, miR-499-5p, 
miR-548c-3p, miR-590-3p 
PCNA-MLH1 miR-383, miR-18b, miR-302b, 
PCNA-EXO1 miR-383, miR-150*, miR-302b, miR-499-5p, 
miR-548d-3p 
 
The above table shows the putative microRNAs that could regulate both proteins 
which were identified to interact. These seven proteins are all associated with each 
other. The interacting proteins share a number of microRNA regulators. For example, 
MSH2 and MSH6, the components of the MutSα complex, both tend to be regulated 
by 4 microRNAs: miR-154, miR-142-5p, miR-374a*, and miR-545*. It is seems that 
the combinations MSH2-EXO1, MLH1-EXO1, MSH2-MLH1, PCNA-MSH2, and 
PCNA-EXO1 have most abundant putative microRNA hits, suggesting that these 
protein combinations may have strong interactions and play critical roles in the MMR 
system. PCNA is the protein that shares the putative microRNAs with every other 
ones. It could be the hub protein of this particular protein interaction network. None 
identical putative microRNAs of the proteins may not have the interaction, such as 
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MSH3-MSH6, MSH6-PMS2, and PMS2-EXO1. 
 Some microRNAs as the putative regulators exist in more than one protein 
combination (Shown in color in the table). miR-154 may regulate MSH2, MSH6, and 
PCNA. miR-383 may regulate MLH1, EXO1, and PCNA. miR-208b may regulate 
MSH2, MLH1, and PMS2. miR-514 may regulate MSH2, MLH1, and EXO1. 
miR-499-5p may regulate MSH2, EXO1, and PCNA. miR-302b may regulate MLH1. 
EXO1, and PCNA. miR-373 may regulate MLH1, MSH3 and EXO1. These results 
imply that the proteins these microRNAs may regulate possibly interact. Few studies 
on these microRNAs are found. miR-154 is involved in the lung development of 
mouse and human (William et al. 2007). miR-373 and its homolog mir-372 are 
potential oncogenes by silencing P53 pathways in testicular germ cell tumors 
(Voorhoeve et al. 2006). In MMR system, these microRNAs are potential regulators 
in cancerous pathways. 
 
Mir-373 and its homologues maybe a possible regulator of MMR proteins 
mir-373 and its homologues (mir-371 and mir-372) have similar sequences (5’ 
gaagugcuucgauuuuggggugu 3’). The alignment between the mir-373 cluster and its 
potential target mRNA of MMR proteins is shown in figure 3.9. The region 
highlighted in yellow, which starts from the second nucleotide to the eighth of 
mir-373, in the 5’ to 3’ direction (5’ gaagugcuucgauuuuggggugu 3’), is conservatively 
perfect complementary (figure 3.9, but the direction of microRNA in this figure is in 
3’-5’ direction). The region from the second nucleotide to the seventh nucleotide (5’ to 
3’ direction) of a microRNA is critical to target mRNA, which usually requires perfect 
complementarity between microRNA and the target (Bartel, 2004). It is consistent 
with our findings in figure 3.9, where they are perfect complementary between MMR 
proteins and their putative mircoRNA regulator. So microRNA maybe a possible 
regulator of MMR proteins, and mir-373 regulating MMR proteins may interfere in 
important processes in MMR involved cellular pathways. 
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Figure 3.9: Alignments between mir-373 cluster and 3’UTR of the mRNAs of MMR genes. The above 
sequence of each line is microRNA (3’-5’ direction) and the second region is the mRNA of its target 
protein respectively (5’-3’ direction). 
 
Since the complementarity between the microRNA and its target mRNA is 
imperfect in animals, it is difficult to directly identify relevant downstream targets of 
a microRNA. Several algorithms are developed to predict the target genes of 
microRNAs and potential microRNA regulators of certain genes, such as TargetScanS, 
PicTar, and miRanda (John et al. 2004). These programs usually predict tens to 
hundreds of microRNAs and target genes, making it difficult to zoom into the cellular 
pathway affected by microRNAs. We did such analysis, based on the microRNA 
database and protein-protein interaction database, to narrow down the large scale of 
information, providing a notable insight to the relationship between the microRNAs 
and the protein interacting network. Further investigations including experiments on 
these microRNAs involved in MMR would be rather interesting and challenging. 
3.4 Summary of Bioinformatics analysis 
  Bioinformatic ways of analysis are predictions, and all the results need to be tested 
by experiment.  
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  In the phylogenetic profiling, we found that PCNA and hEXO1 strongly associate 
with each other. However, PCNA interacts with various proteins in different cellular 
processes, which should also have similar evolutionary pathway as PCNA. So there is 
no doubt that much noise exists, which interferes with ourinterpretation.  
  In the identification of structure patterns, we found several PIP-box-like regions on 
hEXO1 which have not only sequence similarity but also structure resemblance. 
hEXO1 mutants of these PIP-box-like regions could be done. 
  By searching against microRNA database and protein-protein interaction database, 
we got a notable insight to the relationship between the microRNAs and the protein 
interacting network. It could be an interesting field of analyzing protein-protein 
interaction.  
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4 Conclusion 
Results presented in this project demonstrate that the three C-terminal deletion 
mutants (YFP-hEXO1-S702X, YFP-hEXO1-S598X and YFP-hEXO1-C508X) have 
little influence on the ability of foci localization of hEXO1. This is in agreement with 
prior results that showed the C-terminal region of hEXO1 is sufficient for foci 
localization.  
The foci formed in cells transfected with the mutants YFP-hEXO1-S702X, 
YFP-hEXO1-S598X and YFP-hEXO1-C508X were however not as beautiful as foci 
seen in cells transfected with wild type hEXO1, two explanations for this can be 
proposed: (ⅰ) hEXO1 is localized to foci through multiple protein interaction, where 
the deleted binding domains of hMLH1 and hMSH2 should play a role; (ⅱ) Other 
protein interaction with hEXO1 besides MMR protein family may help in the foci 
localization, such as PCNA.  
There were totally six putative PIP-box predicted in hEXO1: 4QGLLQFIK11, 
25QVVAVDTYCWLH36, 154QLAYLNKA161, 283LYQLVFDP290, 
497VVVPGTRSRFF507 and 788QIKLNELW795. Mutation in Q154A+Y157A had no 
influence on foci localization of hEXO1, which suggest that 154QLAYLNKA161 is not 
a PCNA interaction motif. The mutant YFP-hEXO1-Q285A;F288A showed impaired 
localization to the nucleus, as some of the mutant protein was retained in the 
cytoplasm. This indicates that the region 283LYQLVFDP290, is critical for protein 
localization and thereby possibly for protein interactions. 
Analysis in phylogenetic profiling demonstrated the strong association of hEXO1 
and PCNA, while the results in secondary structure prediction of the six putative 
PIP-boxes showed that four of them except 4QGLLQFIK11, 497VVVPGTRSRFF507 had 
a combination structure of small helix and short sheets similar to 310 helix-a 
conserved structure of PIP-box. But 497VVVPGTRSRFF507 is worth of analysis 
because of the hydrophobic “FF” tail and “VVV” cap.  
  Depend on the database search, we found PCNA and hEXO1 have similar putative 
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microRNA regulators including miR-383, miR-150*, miR-302b, miR-499-5p, and 
miR-548d-3p. Mir-373 and its homologues (mir-371 and mir-372) may be a possible 
regulator of MLH1, MSH3 and EXO1, which may influence the whole system of 
MMR by influencing the transcription of MMR proteins.  
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7 Appendix 
1. Secondary structure prediction from Jpred3 
 
 
 
2. Sequence alignment from http://www.ebi.ac.uk/Tools/clustalw2/index.html
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3. Secondary structure prediction from PredictProtein 
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4. Primers  
Primer Name Primer Sequence (5' to 3') 
hEXO1-p508 5'-gaccagaagcaggtttttttgaagttcagattctactgactg-3' (1525bp-1544bp) 
hEXO1-p508_antisense 5'-cagtcagtagaatctgaacttcaaaaaaacctgcttctggtc-3' 
hEXO1-p598 5'-agcagcaaatttacaaggaccatttaaccacccactttg-3' (1767bp-1806bp) 
hEXO1-p598_antisense 5'-caaagtgggtggttaaatggtccttgtaaatttgctgct-3' 
hEXO1-p702 5'-gtgctctagtaaggactctgattgagaggaatctga-3' (2082bp-2117bp) 
hEXO1-p702_antisense 5'-tcagattcctctcaatcagagtccttactagagcac-3' 
hEXO1-Q154A-Y157A 5'-atgaagctgatgcggcgttggccgctcttaacaaag -3' 
hEXO1-Q154A-Y157A-antisense 5'-ctttgttaagagcggccaacgccgcatcagcttcat-3' 
hEXO1-Q285A-Y288A 5'-accttcctctatgcgctagttgctgatcccatcaaaagg-3' 
hEXO1-Q285A-Y288A-antisense 5'-ccttttgatgggatcagcaactagcgcatagaggaaggt-3' 
 
5. sequencing reaction 
? Mix 4μl Terminator “ready reaction” Mix, 1μl sequencing primer (1.6pmol/μl) 
and 5μl template DNA+ sterile H2O to a PCR reaction tube. Incubate in a 
thermal cycler with 25 cycles of 96°C 30s + 50°C 15s + 60°C 4min. 
? After 25 cycles, add 40μl 75% isopropanol, close the tubes and vortex briefly. 
Leave the tubes for 15 min. 
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? Place the tubes in the microcentrifuge, hinge outside, and spin at maximal 
speed for 20 min. 
? Immediately and carefully discard all the liquid. 
? Wash briefly: add 125μl 75% isopropanol, spin 5 min, hinge outside, and 
remove all the liquid. Dry the pellet in the thermal cycler with open lid for 2 
min at 90°C. 
? Add 15μl of Hi-Di TM Formamide, vortex and spin down the liquid. 
? Denature the sample at 95°C for 2min, chill on ice, and spin down liquid 
again. 
? Transfer samples to sequencing tubes. Keep the samples on ice until they are 
loaded on to the sequencing machine. 
